The Nos3-knockout mouse, deficient for endothelial constitutive nitric oxide synthase (NOS3), is affected by a reduction in the number and weight of the embryos and constitutes a good model for some features of preeclampsia and intrauterine growth retardation (IUGR). Deficiencies in conceptus growth and survival may result from factors inherent in the embryo itself or from deficiencies in uterine function. In the current study, we aimed to determine the effects of embryonic genotype independently of maternal genotype, which can affect uterine environment. Therefore, by using magnetic resonance imaging (MRI), we characterized the phenotypes of NOS3-defective (Nos3
INTRODUCTION
The role of nitric oxide (NO) and endothelial constitutive nitric oxide synthase (eNOS or NOS3) on female reproductive processes is widely recognized [1, 2] . Specifically, endothelial dysfunction attributable to a decreased NO bioavailability plays a role in the pathogenesis of preeclampsia and intrauterine growth retardation (IUGR) [3] . NOS3 can be found both in the trophoblast, the cells that adhere to and penetrate the uterine endometrium at implantation [4, 5] , and in the extravillous trophoblast [6] , inducing vasodilation and angiogenesis in maternal cells during the implantation process [5] . During the postimplantation period and early placental development, NO and NOS3 are hypothesized to be involved in tissue remodeling, immunosuppression, and vasoregulation [7] .
Inhibition of NOS3 in Nos3-knockout mice is related to reduced growth and a higher mortality of the fetuses [8, 9] , causing both reduced prolificacy and deficient prenatal programming, with a lower weight of the neonates at delivery [10] . Thus, these mice are a good model of altered vascular adaptation to pregnancy [11] , preeclampsia, and IUGR [12] . Earlier studies based on postmortem examinations at specific gestational ages showed discrepancies in timing the onset of differences in litter size and fetal development. Some authors addressed alterations in implantation and early embryo development [4, 5] , whereas other authors [8, 9] reported that differences in fetal growth were established only at the last days of pregnancy (Day 17 postcoitum). Studies using conventional real-time ultrasound imaging showed a first peak of embryo losses at implantation and a second peak between Days 8.5 and 13.5 [13] , i.e., from the beginning of gastrulation to the period of transition between the stages of late embryo and early fetus. Coincidentally, retardation in the development of the embryo and the entire gestational sac was determined to be established from Day 8.5 [12] .
However, the maximum frequencies reached by conventional ultrasound probes are 10-15 MHz, which is adequate for a macroscopic study of the embryo but insufficient for visualizing individual tissues. Higher resolution can be achieved by the use of ultrasound biomicroscopy (UBM; 30-55 MHz). UBM generates images with a resolution of 30-50 lm, and it has been successfully used for real-time microimaging in mice [14] . The main limitation of UBM is that the high frequency of the probes restricts exploration to a limited range (around 10 mm in area and depth), so it is difficult to observe the entire conceptus; some may not be detected at all when the probe is moved over the maternal abdomen [15] . On the other hand, magnetic resonance imaging (MRI) allows the entire uterus, and all the embryos inside, to be viewed and accurately measured; moreover, it allows three-dimensional representations of embryos from data collected directly from intact specimens, so no artifacts are introduced by the physical deconstruction of the specimen, as occurs in histological studies [16] . Hence, three-dimensional (3D)-MRI is ideal for studies of embryo lethality and IUGR [15] .
Deficiencies in embryo development and survival may result from genetic factors inherent to the embryo itself or from deficiencies in uterine environment or function. In the current study, we aimed to determine the effects of embryonic genotype, independent of maternal genotype, which can affect uterine environment, on IUGR in NOS3-deficient mice. Therefore, by using MRI, we characterized the phenotype of ); therefore, the maternal genotype was the same for all the fetuses.
MATERIALS AND METHODS

Animals and Husbandry
Twenty-seven fetuses, obtained by mating four Nos3 þ/À females with four Nos3 þ/À males, were used. Nos3 þ/À parents were obtained by mating mice homozygous for the disruption of the NOS3 gene (strain: B6.129P2-Nos3 tm1Unc /J, N9 generation backcrossing with C57BL/6J mice) with wildtype C57BL/6J mice. The Nos3-knockout mice belonged to the Centro de Investigaciones Bioló gicas (CIB; Consejo Superior de Investigaciones Cientificas, Madrid, Spain); the origin, like the C57BL/6J mice, being The Jackson Laboratory (Bar Harbor, ME). All the animals were born at our facilities in Madrid, Spain, so they were adapted to husbandry, under microbiological control, and free of infections and parasites. The lighting cycle was 12L:12D (0800 h on, 2000 h off ). Humidity was maintained at 50 6 5%, and the temperature was 19 6 18C. Females were grouped in Makrolon cages with floor area 800 cm 2 (1291H, Eurostandard Type III, Tecniplast; Biosis, Barcelona, Spain), males were individualized in Makrolon cages with floor area 370 cm 2 (1264C, Eurostandard Type II, Tecniplast; Biosis) for at least 15 days prior to mating. Facilities meet the requirements of the European Union for Scientific Procedure Establishments, and animal manipulations were performed according to the Spanish Policy for Animal Protection RD1201/05, which meets the European Union Directive 86/609 on the protection of animals used in experimentation.
Experimental Procedure
Females were hormone treated to synchronize estrus and ovulation [17] . Briefly, on Day 0 animals were given one i.p. injection (0.5 lg) of a prostaglandin analogue, cloprostenol (Estrumate; Mallinckrodt Vet GmbH, Friesoythe, Germany), and one subcutaneous injection (3 lg) of progesterone (4-pregnen-3,20-diona; Siemsgluss Iberica, Barcelona, Spain) in saline. On Day 3, dams were given a second i.p. injection of 0.5 lg cloprostenol and placed with males at a ratio of 1:1. Presence of a vaginal plug was assessed after overnight mating, and gestational stage was estimated by defining the morning of that day as Day 0.5 of pregnancy.
The MRI study was performed at Day 13.5 of pregnancy (i.e., Theiler stage TS 21-22). Females were anesthetized with isofluorane vapor to minimize stress and breathing movements during scans; MRI scans were performed as described below. After scans, the anesthetized females were humanely killed by cervical dislocation. A midline laparotomy was performed to expose the uterus, which was removed and placed in a Petri dish (NunclonTM; Nunc International, Roskilde, Denmark), and all gestational sacs were sampled for genotyping the fetuses by standard PCR procedures (http://jaxmice.jax.org/ strain/002684.html#genotype).
Magnetic Resonance Imaging
MRI was performed with a BIOSPEC BMT 47/40 scanner (Bruker, Ettlingen, Germany) operating at 4.7 T, equipped with an 11.2-cm actively shielded gradient system and capable of a gradient strength of 200 mT/m and a rise time of 80 lsec. During scans, the isofluorane-anesthetized animals were monitored with an MR-compatible respiration sensor, which in some experiments was used to trigger image acquisition. Animals were placed in the prone position on a homemade 10-cm shaped-surface RF coil.
First, global shimming was performed, and then three scout images in axial, sagital, and coronal directions were acquired using a T1-weighted spin-echo sequence (repetition time/effective echo time ¼ 200/10 ms). After this, two 3D T2-weighted fast spin-echo scans in the coronal direction were performed. The first was centered in the abdominal area, and the second imaged the whole mouse. For the first scan, the field of vision was 4 3 4 3 2 cm 3 , and the acquisition matrix size was 256 3 128 3 64 points. The acquired data were zero filled to double the number of time points in the first and second phaseencoding directions, yielding a matrix of 256 3 256 3 128 points. The image resolution was 156 lm in all three directions. In the second scan, the field of vision was 8 3 4 3 2 cm 3 , and the acquired matrix size was 256 3 128 3 64 points. The data were not zero filled, so the image resolution was 312 lm in the three directions. The repetition time for these experiments was 2100 ms, and the effective echo time was 80 ms. Acquisition time for each 3D experiment was 18 min.
To obtain 3D views, the maximum intensity projection algorithm was applied to reconstructed data. This procedure was carried out using the ParaVision package (Bruker, Ettlingen, Germany). Measurements of the different structures were performed by using the NIH ImageJ 1.43 software (http://rsbweb.nih.gov/ij/ index.html; National Institutes of Health, Bethesda, MD).
Data Analysis
Endpoints considered for the fetuses were the crown-rump length, the trunk diameter, the occipito-snout length, the biparietal diameter, and the maximum area in longitudinal plane. Endpoints considered for the extraembryonic structures were the longitudinal and transverse diameters of the gestational sac (Fig. 1) , the maximum external and internal areas of the gestational sacs in FIG. 1 
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longitudinal planes, and the maximum thickness of the placenta. The difference between the area of the embryo and the vesicle was obtaining by subtracting both measurements. These different endpoints were analyzed using one-way ANOVA, followed by Kruskall-Wallis test when the Levene test showed nonhomogeneous variables, with a general linear model that included the genotype and the interaction between different genotypes inside the uterus. Possible modulation of genotype differences by effects related to the number of embryos inside the uterine horns and the uterine position of each embryo were evaluated by Pearson correlation procedures. All results were expressed as mean 6 SEM, and statistical significance was accepted for P , 0.05.
RESULTS
The genotyping of the fetuses indicated that five of them were wild-type (Nos3 þ/þ ), six were NOS3-defective (Nos3 À/À ), and 16 were heterozygous (Nos3 þ/À ). One of the vesicles containing a Nos3 À/À conceptus showed a spherical, instead of elliptic, shape and was full of fluids, making it difficult to see the small embryo in the inside (Fig. 2) .
At first glance, most of the embryos and the gestational annexes were larger in Nos3
, and these were larger than in Nos3 À/À conceptuses (Fig. 3) . However, there were no significant differences between Nos3 þ/þ and Nos3 þ/À conceptuses in any of the different measurements. On the other hand, all of the measurements in both Nos3 þ/þ and Nos3 þ/À were significantly larger (P , 0.05) than in Nos3 À/À conceptuses (Fig. 4) , except for the transversal diameter of the embryo vesicle (P ¼ 0.08) and the difference between the area of the embryo and the vesicle (P ¼ 0.06).
The reduction in the crown-rump length of Nos3 À/À reached 12% when compared to Nos3 þ/þ (P , 0.05); the effect was higher for head measurements (16% for occipito-snout length and biparietal diameter, P , 0.05 for both) and trunk diameter (17%, P , 0.05). Overall, the maximum area of fetuses in longitudinal planes decreased 27% (P , 0.05) when comparing Nos3 À/À to wild-type Nos3 þ/þ . Moreover, the higher reduction in Nos3 À/À measurements was found in the maximum thickness of the placenta, 29% smaller than in Nos3 þ/þ fetuses. Analysis of influences, both overall and within genotypes, from number of embryos inside the uterus, genotype interactions, and uterine position showed no effects of the two first factors. However, there was a significant effect of the position inside the uterine horn in all the embryos, without differences between genotypes; conceptuses closer to the distal portion of the horns, closer to the oviducts, had a larger transversal diameter of the embryo vesicle than those closer to the cervix (r ¼ 0.712; P , 0.0005). On the other hand, uterine position showed an effect in Nos3 À/À embryos that was not found in both Nos3 þ/À and Nos3
À/À
; Nos3 À/À conceptuses closer to the distal portion of the horns were larger than those closer to the cervix (r ¼ 0.999; P , 0.05).
DISCUSSION
Current data indicate that embryo genotype determines the appearance of fetal growth retardation processes in Nos3 À/À mice, independently of the maternal genotype. These processes were not dependent on the number of embryos inside the uterus or on genotype interactions, but there was a significant effect based on the position (distal/proximal location) inside the uterine horns.
IUGR is being extensively studied in human medicine syndromes and is linked to preeclampsia, in which uteroplacental blood flow is compromised [18] , leading to fetal growth restriction [19] . Thus, several studies have indicated that a relative deficiency of placental NO synthesis is a predisposing factor for preeclampsia [18, 20, 21] and IUGR [22] . Thus, NOS3-deficient mice are considered a good animal model for their study.
In the present work, processes of IUGR were found at Day 13.5 of pregnancy, confirming previous evidence indicating that IUGR occurred in early stages of pregnancy [12, 13] , which is opposed to earlier studies reporting that differences in fetal growth in Nos3 À/À mice were only established at the end of pregnancy [8, 9] . However, data of Hefler et al. [8] on embryo development were obtained at Days 15 and 17 of pregnancy, those of Van der Heijden et al. [9] at Day 17 of gestation.
Evidence of an early onset of IUGR is coincidental to more extensive data in another prolific model, the sow. In the pig,
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embryo survival has been clearly related to a better developmental rate both at preimplantational stages [23, 24] and/or after implantation [24] [25] [26] . It is generally accepted that, in pigs, most embryo losses occur around the time of implantation [27] , although fetal survival around the end of organogenesis and the transition from late embryo to early fetus stages is also a determinant [28] ; both periods are also coincidental with the stages identified for embryo losses and growth retardation in surviving fetus in Nos3-knockout dams [12, 13] . Both periods are characterized by an intensive tissue remodeling and vasoregulation, processes influenced by NO and NOS3 [5, 6] and that, hence, are altered in Nos3-knockout mice, causing deficiencies in arterial contractibility and hypertension [1, 29] . Studies on embryo development in swine, being a polytocous species like the mouse, described the same effect of distal/proximal uterine location (conceptuses closer to the oviducts have larger transversal diameters than those closer to the cervix) on growth of the conceptus [30] , which may be related to placental function [31, 32] . However, the current study also indicates the existence of an effect on longitudinal diameter privative of Nos3 À/À (Nos3 À/À conceptuses closer to the distal portion of the horns were larger than those closer to the cervix). This finding may indicate that longitudinal diameter may be more sensitive to deficiencies in placental function induced by the genotype.
Alterations in placental vascularization and embryo/fetal growth are characteristic of the human processes preeclampsia and IUGR. IUGR may affect not only pregnancy establishment by immediate effects but also fetal, neonatal, and adult development [33] [34] [35] [36] , leading to low birth weight [37] and being thereafter associated with mortality and morbidity during infancy [38] .
Deficiencies in fetal growth, like in other processes involving pregnancy inadequacies, may be inherent either in 3D-MRI OF Nos3-KNOCKOUT MOUSE EMBRYOS the embryo, in the mother, or in the interaction between them. Previous studies showed that processes of IUGR and embryo losses in Nos3-deficient mice were mainly driven by maternal effects [13] . Maternal effects on embryo development and viability are determined by the development of the conceptuses in an adequate or inadequate uterus. In fact, most of the authors consider parental genotype, antigenic differences between the mother and the developing conceptus, and epigenetic factors (nutritional challenges, intrauterine infections, toxins and chemicals, and maternal diseases of pregnancy affecting the placenta) to be the main causes of IUGR [38] [39] [40] [41] [42] [43] .
However, all the previous studies investigating causes and mechanisms of embryo mortality and IUGR in Nos3-knockout mice [8-10, 12, 13, 33, 44] were performed in homozygosis, which impedes an accurate discrimination between maternal and fetal effects. The originality of the present study lies in the use of heterozygous parents giving rise to fetuses genetically different but inside the same mothers maintained in the same conditions, thus discarding effects from maternal genotype and environment.
The other innovation of our study is the use of the noninvasive imaging technique 3D-MRI for the measurement, in vivo, of the conceptuses and their structures. Observation of embryos and placentas by MRI has allowed the determination that IUGR in NOS3-deficient fetuses was related to a reduction of nearly 30% in the maximum thickness of the placenta, confirming previous reports describing that IUGR is related to factors affecting the size and functional capacity of the placenta and the uteroplacental transfer of nutrients and oxygen from mother to fetus and, therefore, the nutritional delivery to the fetus [45, 46] . The current study presents a clear reduction in the maximum thickness of the placenta of Nos3 À/À fetuses with IUGR, which may be related to the phenomenon of regional blood flow decreases, is coincident with a very recent pioneer study using MRI in human fetuses [47] .
In conclusion, IUGR in NOS3-deficient mice is not only driven by maternal and environmental effects but also by embryo genotype, acting either directly on the growth patterns of the embryo/fetus or indirectly by a compromised nutritional delivery to the fetus due to a reduction in the size of the placenta.
